It has become common practice to conduct numerical analyses to assess the stability and integrity of side slope landfill lining systems, however, information that can be used to validate such models is extremely limited. This paper contains data from a series of large scale laboratory tests containing geosynthetic elements of a multilayered lining system exposed to downdrag forces from a compressible synthetic waste material (rubber crumb). These data are compared to the results from numerical analysis of the same problem. The numerical results are from initial best estimate analyses, with interface and synthetic waste properties derived from a laboratory testing programme and geosynthetic material properties from manufacturers. The observed trends of tensile stresses in the geosynthetics and relative displacements at interfaces in the laboratory testing are reproduced by the numerical models to an acceptable degree of accuracy that would be appropriate, using site specific input data, for use in commercial design.
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INTRODUCTION
Guidance on landfill stability assessment published by the UK Environment Agency requires an assessment of both landfill stability and lining system integrity. Stability assessments of landfill lining systems are traditionally carried out by limit equilibrium techniques. However, such techniques cannot assess integrity (Long et al. 1994) . The forces applied to the geosynthetic components, due to waste compression and degradation, are often overlooked in the design process. In order to represent compression and degradation controlled settlement induced downdrag, a model needs to represent the horizontal forces applied by the waste body and down drag on the lining system due to waste settlement. Previous studies by Fowmes et al. (2005 and have used the FLAC modelling code to assess the integrity of geosynthetics in multilayered lining systems. Whilst attention has been paid to accuracy of input parameters, it has been assumed that the model, including the implementation of multiple layered geosynthetic interface interaction, is correct.
Limited data is available for comparing measured behaviour of multiple layered geosynthetic lining systems to that predicted by numerical modelling techniques. Villard et al. (1999) present a model using Finite element modelling techniques, of a landfill lining system during construction and compare predicted behaviour to field measurements. This study showed a good correlation, however, the post waste placement data is not presented for either the field or numerical models due to a poor match between the data sets. The study reported in this paper aims to validate a numerical modelling technique by comparing interaction of geosynthetic landfill lining system components subjected to downdrag forces in a large scale laboratory model with the results of a numerical analysis of the same system.
LABORATORY TESTING
Large scale laboratory testing was carried out so that measured behaviour could be compared to a numerical model of the same system. It must be emphasised that the physical model is not intended to directly represent behaviour of a landfill lining system; it was designed to represent the interaction of lining system components when exposed to downdrag forces and hence generate post-peak interface displacements experienced in side slope landfill lining systems. Thusyanthan et al., (2004) investigated tension in a scaled geomembrane on a shallow side slope in a centrifuge model, including dynamic loading, however, only a single geosynthetic was included in the lining system. A test without increased gravitational acceleration was adopted in this investigation as it allowed full scale geosynthetics to be used, and thus interface behaviour could be characterised using standard direct shear apparatus. A compacted clay barrier layer was not included in the laboratory model. Formation of a planar vertical face would have been problematic, as it would have introduced a number of additional variables (i.e. related to moisture content and density) and it is not routinely present directly beneath the geomembrane in steep slope lining systems in UK practice. A wood subgrade was employed, which could be readily characterised and used to represent geomembrane support systems on steep slopes.
Test chamber design
The test chamber consisted of a 1m x 1m x 1m void that was filled with compressible rubber crumb. One side of the test chamber was formed of a vertical wooden wall supported by a frame on which samples of geomembrane covered with a geotextile were placed ( Figure 1 ). The front of the test chamber consisted of a 25 mm thick glass panel to allow movements in the system to be observed. The remaining two walls were sheet steel.
The wooden subgrade was selected as it would provide a low friction interface beneath the geomembrane thus allowing measurable tensile strains in the geomembrane.
The sheet steel and glass walls of the test chamber were lined with a 0.1 mm thick sacrificial plastic sheet (shown in Figure 1 ) which reduced the friction between the box side and the compressible synthetic waste (rubber crumb) in order to lessen the edge effects imposed by the test chamber dimensions. The plastic sheet moved with the synthetic waste, allowing slip of the interface between the box side and sacrificial plastic layer. Direct shear testing showed that the interface friction angle between the rubber crumb and test chamber was 7° when a sacrificial sheet was included. The low friction on the side wall, resulted in an observed compression in the lower 200 mm of the synthetic waste being equal to 91% of the settlement in the top 200 mm of the synthetic waste.
Based on these measurements it was considered valid to model the experiment as a plane strain problem subjected to one dimensional compression.
A vertical slope was adopted to simplify load application, as a rigid plate of fixed dimensions was used for load application. This meant that the load application area could be kept constant, which reduced uncertainty in calculating the horizontal stress applied to the lining system.
Synthetic waste
Rubber crumb, with a grain size ranging from 2 to 8 mm, was selected as a synthetic waste material as it has similar compression behaviour, shear strength and mobilised horizontal stresses to municipal solid waste. However, unlike waste it does not exhibit large heterogeneity which would be problematic in tests of this scale. As the rubber particles do not yield during compression (i.e. elastic particle compression and particle reorganisation occurs representing recoverable and non recoverable settlement respectively), the rubber can be reused.
The compressive behaviour of the rubber crumb was tested at different scales using a CBR mould, a 0.125m 3 test chamber and in the 1m 3 test chamber. The shear strength of the rubber crumb was measured using a 100 x 100 mm shear box. The material was sheared at 1 mm/min in the first series of tests and 0.1 mm/min in the second series of tests, with no perceptible difference in the behaviour under the more rapid shearing. The shear strength of the rubber crumb under direct shear can be defined by a friction angle of 29.3° and an apparent cohesion of 3 kPa.
Geosynthetic materials
A non-woven geotextile was used with tensile strength (in the machine direction) of 20 kN/m, a thickness (at 2 kPa) of 3.9 mm, and tangential tensile modulus (at 50% strain) of 1.2x10 4 kPa. The geotextile was not anchored at the top and therefore did not develop tension at the top.
Three geomembranes were used in the investigation; two textured linear low density polyethylene (LLDPE) (one blown film, one impinged) geomembranes and one mono textured (impinged texturing) high density polyethylene (HDPE) geomembrane (tested both textured and smooth side up). The geomembrane properties are summarised in Table 1 . The geomembrane was anchored at the top and therefore tension was able to develop.
Load application
A total of 75 kN (7 x 10kN hydraulic loading increments, and 5 kN kentledge) of load was applied to the upper surface of the compressible synthetic waste. A hydraulic four point loading system was used to apply up to 70 kN to a rigid steel load plate (Figure 2 ).
Due to the presence of the glass front to the test chamber the pressure application was limited to the 80 kPa exerted at the base of the chamber (75 kN applied load and 5 kN from the self weight of the material). Vertical strains of 28% were generated in the synthetic waste using this loading arrangement, which compare with total waste settlements in the range 20% to 30% 2.5 Instrumentation
Geosynthetic displacement
The relative displacement of five points on each of the geomembrane and geotextile were measured by attaching 1 mm diameter wires to the geosynthetics. The extensometer wires were attached at distances of 200 mm, 400 mm, 600 mm, 800 mm and 1000 mm from the base of each geosynthetic and were attached by passing them through a preformed hole in the geosynthetic and securing them with a brass swage to prevent deformation of the attachment and the geosynthetic. Although it is acknowledged that creating a hole in the geomembrane would not be acceptable on site, this technique was used in the laboratory experiment as it created a smaller inclusion on the interface than the alternative if using a welded lug attachment. To prevent additional interaction with the geosynthetics, the wires were contained within brass tubing, 3 mm internal and 4 mm external diameter.
This isolated the wires from the interface (i.e. so they could move freely) while providing adequate crushing resistance to avoid "pinching" of the wires. The wires were run, via pulley wheels, over displacement measuring boards ( Figure 3 ) with each tensioned using a 200g static weight.
Geomembrane tensile stress
The geomembrane samples were restrained in the vertical direction using a clamp attached to a fixed steel frame using two, 12 kN limit and 1 N resolution, tensile load cells ( Figure 3 ). The cells were attached to the aluminium flat bar geomembrane clamp to through a two plane articulated joint to allow the cells to remain parallel to the load even if small movements in the clamp alignment occurred. No movement of the clamp arrangement was observed during the tests. A rigid frame, constructed from steel box section with welded joints, was assembled from which the tensile load cells were hung.
Preliminary load tests were carried out with linear variable displacement transducer (LVDT) attached to ensure that deformations in the load cell support structure would not influence the readings.
Load plate displacement
An MTS Temposonics position sensor was used to measure the vertical displacement of the rigid loading plate. Vertical displacement of the load plate was measured a distance of 50 mm from the lining system, and located centrally (Figure 2) . A four point loading system was used to retain the horizontal orientation of the loading plate.
Horizontal stress
In a separate series of tests, the horizontal stresses at the synthetic waste -lining system interface were measured using vibrating wire pressure cells. Two 400 mm x 400 mm cells were placed in the test chamber, one placed horizontally at a depth of 650 mm from the rigid and uncompressed lining support surface (350 mm from the base) and the other placed vertically, mounted in the lining support system, located with its centre coinciding with the plane of the horizontal cell. The loading sequence, of 5kPa kentledge and 7 x 10kPa hydraulic load increments, was applied, and readings taken from both pressure cells. To verify the readings taken from the cells, the test was then repeated with the two cells interchanged, and horizontal : vertical stress ratio calculated for each test and each cell. The results showed that the horizontal pressure at the interface increased linearly with increasing vertical pressure and the ratio of the horizontal to vertical pressure (K 0 ) was 0.55 (with a standard deviation of 0.013 for the 4 readings).
INTERFACE SHEAR STRENGTH
Interface shear strength involving geosynthetics can show considerable variability (Koerner & Koerner 2001 , Stoewahse et al. 2002 , therefore, material specific interface shear tests were carried out on the materials used in the laboratory investigation. Three types of interface were tested in a direct shear apparatus with a shear area of 300 x 300 mm designed specifically for measuring geosynthetic interface behaviour:
 Wood subgrade -Geomembrane
The geomembrane was clamped to the lower (moving) box, whilst the load was applied to the wood placed in the (stationary) upper box.
 Geomembrane -Geotextile
The geomembrane was clamped to the lower box and the geotextile was attached to the upper box. Load was applied to the geotextile through a 50 mm layer of synthetic waste.
 Geotextile -Synthetic waste
The geotextile was clamped to the lower box. The upper box contained a 50 mm thick layer of synthetic waste through which the load was applied.
Normal stresses of 10, 30 and 50 kPa were used to be representative of expected stresses acting normal to the lining system. Tests were carried out at a rate of 1 mm/minute to a displacement of 80 mm. The shear stress displacement curves were then used to assess the interface stiffness and strain dependant interface shear strength properties for each combination of multilayered lining elements. It should be acknowledged that in some cases a true residual value of shear strength was not reached at the 80 mm displacement achieved in the shear box.
Figures 4 and 5 show the direct shear results for lining systems involving LLDPE textured geomembranes Types G and S respectively. The synthetic waste -geotextile interface shear strength is the same in both cases, however, the interface shear strength of the Type G LLDPE geomembrane -geotextile interface is significantly higher than the Type S LLDPE geomembrane -geotextile interface. For lining systems involving mono textured HDPE geomembrane with the textured side up (Figure 6 ), the shear stress displacement curves are very similar to the Type G LLDPE geomembrane, as they both involve the same texturing type and are produced by the same manufacturer. For lining systems involving mono textured HDPE geomembrane with the smooth side up ( Figure   7 ), the geotextile -geomembrane interface strength is clearly much lower than in the other cases. The presence of texturing has little effect on the smooth wood subgrade geomembrane interface as there are no appreciable asperities on the wood with which the texturing can interact. The peak and large displacement shear strengths are summarised in Table 2 .
NUMERICAL MODELLING
The finite difference numerical explicit modelling code FLAC (version 4.00) has been selected to analyse side slope lining systems primarily due to its ability to model large strains and previous experience using it to assess multilayered geosynthetic interfaces (Fowmes et al. 2005 .
Modelling grid
The finite difference modelling grid used in the analysis consists of 3 zones of elements, representing the wood subgrade, the compressible synthetic waste and the relatively incompressible steel test chamber side. In the modelling grid, before deformation, each zone represents a 20 mm x 20 mm cube of material under plane strain conditions ( Figure 8 ).
Constitutive model for synthetic waste
The synthetic waste has been modelled using a linear elastic material model with a MohrCoulomb failure criterion, with shear strength parameters of 29.3° friction angle and 3kPa apparent cohesion. By necessity the numerical modeller must simplify the real world problem and in commercial modelling applications, particularly for municipal solid waste, it is common practice to use a linear-elastic constitutive model with a MohrCoulomb failure criterion. Hence it is considered appropriate to assess the validity of the modelling process using this commonly applied constitutive material model. A limitation of using a linear elastic Mohr-Coulomb constitutive model is that the volumetric strain hardening of the synthetic waste is simplified to a linear modulus. A model with coupled volumetric and shear behaviour which are interdependent may be more appropriate in the case of synthetic waste. Although with two modes of internal deformation, particle deformation and particle rearrangement occurring, the synthetic waste has complex behaviour that cannot be currently modelled using commercially available material constitutive models. Using data from confined compression testing of the synthetic waste, as described in section 2.2, a secant constrained modulus (at 75 kPa applied stress), was obtained and a Young's modulus of 189 kPa was calculated. A Poisson's ratio of 0.25 was assumed to generate appropriate settlement and horizontal stress behaviour.
Modelling of geosynthetics
The geosynthetic elements have been represented in the model using structural beam elements (following Itasca, 2002) . Multiple beam elements can be placed in the nulled region between two grid elements, in this case one grid representing the synthetic waste and the other grid representing the wooden subgrade. The beams only interact, with each other and with the grid, through interfaces, which control the interface shear and normal displacement characteristics.
The beams were modelled using a linear elastic law, however, code was written to allow for the material to have a lower modulus in compression than in tension. An arbitrary value of E Tension = 10 (E Compression ) was adopted from experience to ensure that in compression the interface properties control the compression behaviour rather than a rigid beam resisting compression. This is similar to the approach adopted by Villard et al. (1999) , who used a compressive stiffness of 20 and 10 times lower than the tensile stiffness for the geotextile and geomembrane respectively. Each beam element, prior to deformation, measured 20 mm in length.
Tensile strength data for the geomembranes and geotextiles was acquired from the manufacturers. The data for the LLDPE geomembranes included a 2% strain secant modulus which was considered appropriate for use in the investigations as preliminary calculations predicted strains of this magnitude. Data supplied for the HDPE geomembrane gave yield stress and strain values allowing a secant modulus at yield, however, this greatly underestimates the small strain (<2%) modulus. Giroud (1994) shows the 2% secant modulus of a HDPE to be over 3.5 times greater than a secant modulus at yield. It was thus decided to adopt a small strain tensile modulus (based on a 2% secant modulus), as this represented the appropriate magnitude of strain expected in the analysis. It is not recommended that 2% modulus values be adopted in design as this may result in overestimation of the material stiffness at strains in excess of 2%. In such cases, a conservative secant modulus at yield, or, if sufficient data is available, a strain dependant modulus may be adopted. 
Modelling of load application
The load was applied using a vertical stress to the upper surface of the grid. It is acknowledged that this allows for some slight deformation in the upper surface of the synthetic waste, whereas in the laboratory experiment, the upper surface of the synthetic waste remains horizontal due to the rigid load plate. Attempts were made to model the rigid load plate; however, this resulted in numerical instability (calculation difficulties)
induced by the large stiffness gradient between the load plate and the synthetic waste. It was thus decided to apply the load directly to the upper surface of the synthetic waste.
RESULTS

Textured LLDPE geomembrane (Type G)
Two tests were carried out, T2 and T5, using Type G textured LLDPE geomembrane.
The interface shear stress displacement curves for these tests are shown in Figure 4 , whilst the results from the numerical and laboratory modelling are shown in Figure 9 as relative shear displacements at the interfaces. The two laboratory tests show similar results, indicating that behaviour of the test is repeatable. As the peak strength is higher for the geomembrane -geotextile interface than the geotextile -synthetic waste interface (Table 2) gives a maximum value of 3.93 kN/m. This is considered to be an acceptable correlation.
Textured LLDPE geomembrane (Type S)
Unlike the Type G LLDPE geomembrane, which was delivered from the factory, the Type S LLDPE geomembrane was obtained from site and had some clay deposits on the surface. In the first test, T6, the clay was removed using a damp cloth, however, it was subsequently thought that this may have damaged the texturing on the surface of the material, and as such a second test, T9, was carried out where the geomembrane was cleaned using a water jet.
The interface displacements show significantly greater displacements between the geomembrane and geotextile in T6 than in T9 (Figure 11 ) indicating that the cleaning process in T6 had damaged the texturing and lowering the interface shear strength. As a result the displacement between the geotextile and synthetic waste were lower in T6. The shear box tests used to derive the numerical input parameters were carried out on water due to the lower transferred stress across the geotextile -geomembrane interface. Greater tension was developed when testing the Type G geomembrane compared to Type S LLDPE due to the post peak strength reduction that occurred between the Type S LLDPE geomembrane and the geotextile which allowed increased displacement and lower shear stress transfer to the geomembrane.
Mono-textured HDPE geomembrane (textured side up) (Type G)
The displacements between the geomembrane -geotextile and the geotextile -synthetic waste interfaces (shown in Figure 12 ) are very similar to those shown in Figure 9 for Type G textured LLDPE geomembrane as they have the same texturing type and are from the same manufacturer, with the only difference being the polymer composition. The change in polymer type does reduce the displacement on the geomembrane -wood subgrade interface, due to the reduction in tensile strain in the geomembrane with the higher modulus HDPE geomembrane.
A comparison between the measured and modelled tension at the geomembrane anchorage is shown in Figure 10 . A good correlation is observed between the measured and modelled value. The results show a small increase in measured tension compared to the Type G LLDPE geomembrane, possibly due to greater stress relaxation with increased strain in the LLDPE geomembrane. The behaviour of the FLAC model is very similar in both cases as the interface properties for the two analyses have very similar input parameters (see Table 2 )
Mono-textured HDPE geomembrane (smooth side up) (Type G)
A second test was carried out on mono-textured HDPE geomembrane, in this case with the geomembrane placed smooth side up (i.e. against the geotextile). The effect on interface friction between the geomembrane and the wood was small (<1° change in friction angle, see Table 2 ) However, there is a large reduction in interface shear strength between the geomembrane and the geotextile compared to the textured geomembranegeotextile interfaces and this resulted in large (>200 mm) displacements along this interface ( Figure 13 ). As a result, the displacements on the geotextile -synthetic waste interface were reduced, and as less stress was transferred to the geomembrane, the geomembrane strains and geomembrane -wood subgrade displacements, were small.
The FLAC analysis shows the same trends that were observed in the laboratory experiment. Although the FLAC analysis predicts more displacement between the geotextile and the synthetic waste and slightly less between the geomembrane and geotextile, the trend with depth of the displacements are well matched, as are the geomembrane -wood subgrade interface displacements.
The recorded maximum tensile force for T3 was 0.65 kN/m (Figure 10 ). This was much less than where a textured geomembrane -geotextile interface was present as the smooth geomembrane -geotextile interface results in lower stress transfer to the geomembrane.
The FLAC model also shows the reduction in shear stress transferred into the geomembrane compared to textured membranes, although the shape of the curves with depth do not fit as well as for previous experiments. The constitutive model used for the synthetic waste may be responsible for this as a Mohr-Coulomb model generates sufficient horizontal stresses on the interfaces to transfer load into the lining system under self weight. However, at small loads the synthetic waste, which volumetrically hardens, does not generate sufficient shear stress in the lining system to cause tension in the geomembrane. Conversely, as the material stiffness increases with compression, there is increased stress transfer as shown at higher applied loads.
DISCUSSION
The FLAC numerical modelling using multiple strain softening interfaces has been shown to reproduce the behaviour of a two layered geosynthetic lining system subjected to downdrag forces from a compressible material (i.e. synthetic waste body). Some discrepancies between the measured and the modelled results have been observed, however the general trends of displacement and strain magnitudes are represented by the numerical modelling.
The constitutive model used for the synthetic waste in this investigation is not able to reproduce the full observed behaviour of the synthetic waste in compression as it does not account for the volumetric strain hardening, and this may account for some of the discrepancies between the FLAC and laboratory models. However, it was considered appropriate to use the linear elastic Mohr-Coulomb model as it is the most commonly applied in commercial design and reliable input parameters could be readily obtained.
For the Type G textured LLDPE geomembrane and the Type G HDPE geomembrane, The representation of the geomembrane tensile load response is usually reported by manufacturers as stress and strain values at yield, and this may not be representative of stiffness behaviour at small strains, and can result in overestimation of predicted strain values. In this investigation 2% secant elastic moduli have been selected for the geomembranes and geotextile. This is still a simplification as stress strain response for geosynthetics is typically non linear and strain-rate dependent (Wesseloo et al., 2004) Ideally, a representative geomembrane model would include the full stress strain behaviour, obtained from wide width tensile tests, however, this data was not available for use in this study and is not commonly available for design.
In all of the analyses, but particularly when analysing the mono-textured HDPE geomembrane with the smooth side up, the model must account for compression of the geotextile, and compression of the lower portions of the geomembrane. Geotextile behaviour under compression is very difficult to model, firstly because the geomembrane compressive modulus under confined conditions is difficult to measure and secondly due to buckling failure modes occurring that result in formation of folds under high compressive strains (Villard el al., 1999) . Geotextile folding is an extremely complex phenomenon to model numerically and although the modulus was reduced to account for reduced compressive stiffness when folds occur, modelling of actual folds is beyond the scope of continuum modelling techniques, particularly under commercially viable time scales. In the numerical modelling in this study, arbitrarily low compression stiffness was chosen so that compression behaviour was dependant on interface properties. However, at large compressions, where folding occurs this is still likely to underestimate the displacement of the geotextile. It is also observed in displaced samples that once folds form they tend to propagate at a point of focussed stress transfer into the geotextile. The FLAC model takes into account the complexities of synthetic waste behaviour, geosynthetic stiffness and interface shear strength mobilisation and post peak shear strength reduction, which is not possible in limit equilibrium analysis. The tension in the geomembrane was predicted by the FLAC model with a good degree of accuracy especially where a textured geomembrane -geotextile interface was present (12% difference at 75 kN applied load, for the Type G LLDPE geomembrane, and 8% difference for the Type G HDPE geomembrane textured side up and for the Type S LLDPE geomembrane). For the mono-texture HDPE geomembrane (smooth side up), the model prediction was less accurate (27% difference at 75 kN applied load) which is believed to be due in part to the simplified modelling of the compressive behaviour of the geomembrane.
The measured shear stress vs. shear displacement behaviour of geosynthetic interfaces is known to exhibit natural variability , Criley & Saint John 1997 .
Between three and five direct shear tests were carried out in this study on each interface to determine the interface shear strength and stiffness characteristics. The interface shear strength values for the geomembrane -geotextile interface from the testing have been compared to those values published by Dixon et al. (2006) and to an internal database that includes tests at low normal stresses. The values show good correlation, although it is interesting to note the difference in interface shear strength between the Type S LLDPE geomembrane and the Type G LLDPE geomembrane, (Table 2 ) despite the fact that both are 1 mm textured LLDPE geomembranes.
The peak interface shear strength for the Type G geomembrane -geotextile interface is greater than that for the geotextile -synthetic waste, hence interface post peak strength reduction, and associated large displacements do not occur on this interface. Despite a lower post peak strength at the Type G LLDPE geomembrane -geotextile interface than at the geotextile -synthetic waste interface, as post peak shear strength reduction does not occur, slip occurs at the interface with the weaker peak strength; the geotextilesynthetic waste interface. This agrees with Gilbert (2001) who states that the peak strengths are required to identify the location of slippage whilst the residual strengths are then needed to establish the residual strength of the system. The Type S geomembranegeotextile peak interface shear strength is lower than the peak strength for the geotextilesynthetic waste interface, hence, post peak shear strength reduction occurs between the geotextile and geomembrane, with associated larger displacements. This highlights the importance of site specific interface shear strength testing. A designer selecting literature data for this scenario may greatly underestimate interface displacements, or geomembrane tension. It is acknowledged that even when the same tests are carried out by the same operator that interface shear strength variability occurs (Sia and Dixon, 2007) hence the measured strengths carried out in this investigation may have some variability from the actual interface strengths of the materials used in the model tests and this may account for some of the discrepancies between the measured and modelled test results.
The resolution of the displacement measuring equipment was limited to ± 0.5 mm, allowing a strain resolution of 0.5 % over a 200 mm gauge length. It is suggested that for further laboratory investigations that higher resolution displacement gauges would allow greater strain resolution and/or smaller gauge lengths. For field scale instrumentation it is suggested that the resolution used would be appropriate. The casing required to protect the wires would need to be revised for field scale experiments, as although the brass tubing was effective at laboratory scale, cost would likely inhibit its use at field scale.
Under sloping lining systems, where a component of the self weight of the waste mass is also on the lining system, crushing resistance of the wire casing would become more important.
FUTURE WORK
The authors acknowledge that this investigation was to model the behaviour of a multilayered geosynthetic system subjected to downdrag forces and may not be representative of an actual landfill lining system. In particular, inclusion of a compacted clay liner underlying the lining system will make the model conditions representative of commonly used composite lining systems on shallow slopes but at the cost of significantly increased complexity. In order to further validate numerical models being used by designers and assess lining system behaviour, in addition to laboratory investigations on other material combinations, full scale field instrumentation of a landfill site should be carried out to assess model accuracy under real world conditions. The models reported here are focussed on waste like compression behaviour under self weight, and loading that would be applied by subsequent lifts of waste (i.e. only shortterm construction, filling, behaviour is considered). It would be beneficial to measure lining system behaviour in response to degradation induced settlement, and the stress and stiffness changes induced by this.
Stress transfer through overlying drainage (i.e. gravel) and protection layers plays an important role in waste barrier interaction. It is suggested that future work be carried out to assess the stability and integrity of drainage layers, to determine the stress transfer through such layers and the effect of draining layer instability on behaviour of underlying geosynthetic lining systems.
Development of new geomembrane instrumentation techniques such as fibre optics and thin film pressure gauges would allow less intrusive measurements and a potential higher degree of precision at both laboratory and field scale. Development of instrumentation under controlled laboratory conditions as described herein would allow calibration and assessment of instrument performance and durability under loading conditions prior to being used in field applications. Further work to estimate the effects of geosynthetic compression on numerical results should also be considered.
CONCLUSIONS
The paper has shown that laboratory scale behaviour of multilayered geosynthetic lining system subject to downdrag forces can be represented, to a reasonable degree of accuracy using the large strain FLAC finite difference modelling techniques incorporating strain softening interfaces. There are some discrepancies between the modelled values and the measured behaviour, which the authors believe are due to simplifications in modelling geosynthetic axial stress response (both tension and compression) and in the constitutive model used to represent the synthetic waste (rubber crumb). However, it is concluded that the modelling code and application methodology are appropriate.
The numerical model represents geosynthetic materials in tension with far greater precision than in compression, as compressive moduli of geosynthetics in confined conditions are not available and are very difficult to measure. The complexity, from a numerical analysis perspective, is greatly increased by the presence of folding in the geotextile, which occurs at large compressive strains. It is beyond the scope of the FLAC numerical modelling code to analyse this process or to predict where it may occur.
The use of numerical modelling techniques allows prediction of displacements, stresses and strains in multilayer geosynthetic lining systems with non linear interface behaviour.
However, the outputs are always limited by the accuracy of the input parameters, the constitutive equations and the application of the numerical calculation technique and this must be considered by the design engineer. The scope of this analysis was to assess the comparison between the laboratory model and the FLAC predictions and not to assess or predict the performance of a landfill lining system. Whilst it is believed that this project represents a significant step in the validation of the numerical model behaviour, full scale field instrumentation of a landfill site would allow for assessment of model accuracy under in service conditions.
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